In this Letter, we study experimentally a viscous liquid curtain in an annular geometry. Gap and median radius can be varied in such a way that the base of the initially stationary cylindrical curtain is led to oscillate by decreasing the flow rate. Standing and traveling waves in the plane of the annulus are observed and a nontrivial expression linking pulsation to flow rate per surface unit and viscosity can be defined.
Since early studies of Savart [1] and Boussinesq [2] , numerous investigations have focused on the formation and stability of liquid curtains [3] [4] [5] [6] , which are of some importance for coating techniques, both from fundamental and practical points of view. In most experiments, sheets are obtained by a flow through a slot which induces a jet at its outlet, with slot geometry allowing various sheet shapes [3, [7] [8] [9] . In his experimental work, Brown [3] suggested that curtain stability is related to a minimal strength of the flow rate with the inertial effects overcoming the capillary ones and preventing a transient hole from propagating upstream and eventually destroying the sheet. Another experiment [10] , using an overflowing circular dish, leads to a jet with asymmetrical boundary conditions at its very beginning and is directed toward bell shapes. Other investigations [5] are concerned with surface wave effects that appear and propagate along a sheet, in the form of varicose and sinuous waves. In addition, Giorgiutti et al. [11] experimented with overflow through a longitudinal slot at the top of a horizontal cylinder, leading to a linear film at the base where the boundary is not constrained in a transverse direction. This gives rise to a chessboard wave pattern.
The present study departs from the previous approaches cited above by adapting the two-dimensional (2D) experimental setup used previously to investigate the destabilization of a liquid film [12] . The current research, in a lower dimensionality, analyses the spatiotemporal behavior of a film in sheet regime. In this case, the liquid does not pass through a slot but through a grid which enables the formation of a liquid film underneath. An annulus with variable radius and gap is used, so that the sheet resulting from the destabilization of the continuously fed film can move freely underneath this surface of variable dimension. Whereas the curtain remains fixed to the base plate in [10] , the system presented here uses another degree of freedom -the gap . Experiments have been conducted starting from the destabilization of a well-controlled stationary cylindrical curtain to study the behavior of the resulting dynamical system. A sheet flowing down in such specific boundary conditions shows hitherto unrecognized modes of spontaneous oscillation.
The apparatus employed consists of a circular grid which is used as a porous medium and fixed horizontally at the bottom of a transparent cylindrical tank filled from above with a viscous liquid [ Fig. 1(a) ]. The annular flow area is obtained using different masks placed on the grid [ Fig. 1(b) ]. A constant and controlled depression is kept in the tank in order to maintain a fixed and sufficient height of fluid above the grid (about 10 cm). When the device is not fed, the system is at rest. In other words, there is no flow. Flow rate Q is controlled with a valve and measured with a flowmeter. In this way, any incoming fluid flows through the whole annulus and a uniform laminar film is formed below it. As in the 2D case [12] , the steel grid is 1 mm in thickness, with circular holes of 1 mm in diameter arranged on a 2 mm regular, hexagonal lattice. The ability to change annulus width, by varying the radius of the inner and outer masks, is one of the novelties of this experimental setup. The present results have been obtained with four gaps () of 10, 12, 14, and 16 mm, respectively, and with a median radius r 56 mm [ Fig. 1(b) ]. The viscous liquid is silicone oil with a surface tension 20:6 dyn=cm, a density 0:97 g=cm 3 , and three different viscosities 200, 100, and 50 mm 2 =s. Observations are made from above, through the grid, with a digital camera connected to a computer for video capture and processing. Pattern outline is detected by using the refractive properties of the oil, thanks to a peripheral If the flow rate is high enough, a closed and stationary liquid curtain can take place. In this instance, it is never cylindrical but tends to close up downstream. It is relevant to note concerning sheets obtained below an overflowing circular dish, which Brunet et al. [10] have shown that the curvature -that is, the shape-of the bell automatically adjusts as the flow rate is changed. In our case, in order to carry out a controlled study, a cylindrical curtain [ Fig. 2 ] is generated using a low pressure, one-off inflationary impulse with a small wettable tube (3 mm outer diameter) through its wall. It should be noted that this process neither breaks the curtain nor propagates perturbations upward, which shows the great stability of this kind of curtain to disturbances. This cylindrical curtain becomes centered in the annular area such that its attachments to the film (basal inner and outer interfaces) are almost symmetrical [ Fig. 4(a) ]. Moreover, its translation invariance in the vertical direction (flow direction) is no more sensitive to flow rate changes. By contrast a noncylindrical curtain does not exhibit such interesting properties.
The continuously fed film behavior is similar to the one observed in the 2D case [12] where liquid columns and sheets are successively obtained at increasing flow rates. So we clearly observe in the present experiment a Fig. 3(a) ]. In this connection, previous studies [11] [12] [13] have reported that column oscillations are a generic response in this regime. Indeed, radial oscillations of curtain base, primarily induced by competition between gravity and surface tension, are actually observed only for values of near RT , chosen as a reference gap.
The following scenario holds for all the viscosities and gaps we used. By decreasing slowly the flow rate, starting from the stationary state [ Fig. 4(a) ], the film and the cylindrical curtain get thinner [ Fig. 4(b) ]. At some critical flow rate Q c the curtain begins to oscillate radially [Figs. 4(c)-4(g) ] and a standing wave (SW, wave number M , pulsation ! M ) develops. In the film plane, this one can be described as a combination of two counterpropagating traveling waves (TWs, left and right) of equal amplitude. We confirmed that, at first order, observed oscillations are sinusoidal ones. For decreasing values below the Q c threshold, oscillation amplitude increases and pulsation decreases. At a lower flow rate, a second transition occurs. The system selects the left or the right TW matching the same wave number M -the maximum value allowed for a given couple (, )-and the current value of the pulsation of the SW. Once again by decreasing the flow rate the pulsation ! decreases while the amplitude increases until a lower wave number is selected by the system. The same behavior can be observed several times while decreasing the flow rate until the curtain breaks down into columns. By contrast, if the flow rate is increased, the system demonstrates the reverse transitions for a different set of critical flow rate values. It would appear that the SW oscillation is due to a local and periodic film thickness difference in front of and behind the initial stationary curtain. The onset of the TW is due to a second symmetry-breaking when the overthickness of the film in the azimuthal direction is no longer stationary. It is possible to directly obtain a TW by choosing a flow rate which selects a given wave number . We adopt a normalized wave number N r and, for Figs. 6(a)-6(c) , respectively, for the 200, 100, and 50 mm 2 =s viscosity oils. The higher the viscosity, the smaller the dispersion. The minimal flow rate before the curtain breaks down into columns is a function of viscosity and . The median radius r, which is a constant here, plays also a role but does not change the global qualitative behavior. There is no simple criterion based on a Weber number to characterize curtain stability as described in other studies [5, 6, 9, 10] . Our system is not concerned with upstream perturbations but with another type of instability as discussed above. Actually, there is competition between two stationary states for the range of studied flow rates: a periodic pattern of liquid columns and an oscillating cylindrical sheet.
It should be pointed out that if the gap is too small (less than 0:75 RT ), there is no destabilization of the curtain. For these small gaps only, the structures and dynamics are similar to those studied previously in other experiments [11, 13] . If is larger than 1:25 RT , the system exhibits more complicated patterns which are of interest but beyond the scope of the present study [see an example in Fig. 3(d) ]. Solutions depart from quasi-1D behaviors.
We propose here a qualitative explanation for the average evolution of ! vs U 0 by considering its viscosity dependence. From experimental data in Figs. 6(a)-6(c) we expect that the relation between pulsation and average velocity could be roughly expressed as
where a and b are constants and l is a characteristic length.
Using a dimensional approach taking into account , g, and, to describe the behavior of the curtain near its base, Q, we get l Qg ÿ1 1=4 as a characteristic length valid near the sheet base. Both viscosity and flow rate dependences are equally considered. Clarke [8] has introduced the same characteristic length to describe, near the orifice, a sheet falling from a slot. Equation (1) then becomes ! aU 0 =Qg ÿ1 1=4 b. Since Q / U 0 , one gets (3) is confirmed, as shown in Fig. 6(d) , in a log-log plot, giving the viscosity dependence of a 0 values obtained previously. The dynamics of a viscous film in a specific down flow configuration in the sheet regime -the cylindrical curtain -is revealed in this study. We show for the first time the existence of spontaneous standing and traveling waves resulting from radial oscillations in the film plane itself, i.e., where the curtain originates. We have demonstrated a range of normalized wave numbers N for each couple (, ). Focusing on the traveling wave case and for a given N, the angular velocity is proportional to the flow rate. We have also shown that the influence of viscosity on the average evolution of the pulsation ! is a function of the flow rate per surface unit. We define a characteristic length and propose nontrivial expressions that agree with our experimental results. Such sheet dynamics, not limited by annular geometry, can be carefully controlled and should find their place in potential applications. Our hope is to stimulate further research in this area with this Letter. A more precise description of wave number (N) selection is underway and will appear in a forthcoming publication.
